Human cytomegalovirus (HCMV) infection of low serum-arrested confluent whole human embryo (Flow 5ooo) cells markedly stimulated ornithine decarboxylase (ODC) activity. Increased ODC activity was apparent by 12 h post-infection. The capacity of HCMV to stimulate ODC was: (1) dependent upon multiplicity of infection; (2) eliminated when the virus was neutralized with specific antiserum; and (3) sensitive to ultraviolet irradiation.~Virus-mediated induction, in contrast to high serum induction of ODC, was not subject to inhibition by polyamines added to the growth medium.
INTRODUCTION
Human cytomegalovirus (HCMV), a member of the herpesvirus group, is a significant pathogen causing congenital defects (Marx, I975) , classical cytomegalic inclusion disease of infants (Overall & Glasgow, I97O) , a mononucleosis-like disease in adults (Plummet, 1973) and interstitial pneumonia in transplantation patients (WeUer, 1971) . HCMV may also have a role in neoplastic disease either indirectly as an 'opportunist' or directly as an oncogenic agent. Support for the oncogenic potential of HCMV comes from reports that HCMV morphologically transforms both hamster (Albrecht & Rapp, 1973) and human (Geder et aL 1976) cells in vitro and that HCMV stimulates host macromolecular synthesis.
HCMV, in contrast to herpes simplex virus (HSV), is species-specific and productively infects only human cells (Wright, 1973) . When HCMV infects human diploid fibroblast cells, it stimulates cell thymidine kinase (TK) activities (Z~vada et al. 1976; Estes & Huang, I977) , induces a novel DNA polymerase activity (Huang, I975), induces cell DNA polymerases (Hirai et al. 1976; Hirai & Watanabe, 1976 ) and stimulates host cell protein (Stinski, I977), RNA (Tanaka et al. 1975 ) and DNA synthesis (St. Jeor et aL 1974; Furukawa et al. 1976; St. Jeor & Hutt, 1977 )-Stimulation of cell DNA synthesis is preceded by rises in TK and DNA polymerase activities. The ability to stimulate macromolecular synthesis oo22-I317/79/oooo-3234 $02.00 ~ I979 SGM and the inability to make a virus TK are properties that markedly distinguish HCMV from HSV. HSV codes for its own TK, does not stimulate cell DNA synthesis and causes a gradual decrease in the rate of cellular RNA synthesis.
Another cell enzyme whose level of activity and rate of synthesis are closely linked to DNA synthesis is ornithine decarboxylase (ODC), the first enzyme and rate-limiting step in the biosynthesis of polyamines. Even though the ODC enzyme does not prepare precursors for DNA or act directly in polymerization of the DNA molecule, elevations in ODC activity are found to accompany and precede rises in DNA synthesis. ODC activity is low in quiescent cells but rises dramatically in response to treatment with high concentrations of serum (McCann et al. I975) , fresh medium (Hogan, I97I) , specific amino acids (Hogan & Murden, I973) , growth factors (Clark, 1974) and infection with polyoma (Goldstein et al. I976 ) , Rous sarcoma (Don & Bachrach, I975) , or murine sarcoma (Gazdar et al. I976 ) viruses. ODC activity is also higher in tumour tissue (O'Brien, I976) and chemically (O'Brien & Diamond, I977) and virally-transformed cells (Lembach, I974) . Since stimulation of cell ODC activity is a marker of growth and may be related to oncogenicity, it was of interest to determine the effect of HCMV infection on ODC activity.
In this paper, we report that infection of quiescent human diploid fibroblast cells with HCMV strain ADI69 markedly stimulates cell ODC activity and that this stimulation is reversibly blocked if virus DNA synthesis is inhibited by the drug phosphonoacetic acid (PAA) . The data presented also show that HCMV infection overrides the ability of the cell to regulate ODC activity by end product inhibition.
METHODS

Cells.
Whole human embryo (Flow 5ooo) ceils, purchased commercially from Flow Laboratories, Inc. (Rockville, Md.), were subcultured at a ratio of I:Z using trypsin and grown in 75 cm~ plastic flasks (Falcon Plastics) in minimum essential medium supplemented with IO ~o foetal calf serum (FCS), o'o75 %o NaHCOs, IOO units ofpenicillin/ml and IOO/zg streptomycin/ml. African green monkey (Vero) cells were subcultured at a ratio of 1:6 using trypsin and cultivated in 84o cm 2 disposable glass roller bottles (Bellco Glass) in medium 199 supplemented with 5 ~ FCS, o'o75 % NaHCOs, o'o3 ~ glutamine, IOO units of penicillin/ml, and Ioo/~g of streptomycin/ml. Both Flow 5o00 and Vero cells were tested routinely for mycoplasma contamination (Garrett & Reeson, 5975) .
Preparation of arrested cells. Flow 5ooo cells were subcultured I :a in I5O cm 2 plastic Petri dishes (Coming Glass) and grown to confluence (z to 3 days) in Io ~ FCS medium. Cultures were then washed in medium lacking serum, fed o.z ~ FCS medium and maintained in this medium for 48 h prior to use. Cells prepared in this manner are referred to in the text as arrested Flow 5ooo cells. For experiments in which the polyamines, putrescine, spermidine, or spermine were added to the growth medium, Flow 5ooo cells were arrested in o.2 ~ horse serum (HS) medium instead of o-2 ~ FCS medium.
To initiate an experiment, o.2 ~ FCS medium was removed from arrested cells and replaced with virus, mock infecting fluid, or fresh medium containing so ~ serum. Addition of IO °/o serum medium to arrested cells is referred to as high serum shift. Cultures of arrested cells to which no additions were made were harvested with each experiment and assayed for enzyme activity in order to control for the arrest procedure.
Preparation of virus and mock-inJeeting fluid (MF). HCMV strain ADI69 was used and stocks were prepared in Flow 5ooo cells. Cells were infected at a virus to cell ratio of o.2 and fed maintenance medium (z ~ FCS) at z-day intervals. Virus was harvested based on Stimulation of HCMV z67 cytopathology at 7 to Io days post-infection (p.i.) by freezing and thawing, sonicating and clarifying by centrifugation. MF was prepared from Flow 5ooo cells by the identical procedure used for preparation of HCMV and is referred to as MF(HCMV). HCMV titre was measured in Flow 5000 cells by the plaque assay described by Wentworth & French 0970).
HSV type 2 (HSV-2) strain 333 was prepared in Vero cells. Cells were infected at a virus to cell ratio of o'oI, fed maintenance medium and harvested ~8 h p.i. by freezing and thawing, sonicating and clarifying by centrifugation. MF was prepared in parallel from Vero cells and is referred to as MF(HSV-2). HSV-2 titre was measured in rabbit kidney cells by the plaque assay. u.v. light. HCMV stock or MF(HCMV) was placed in plastic tissue culture dishes (I5 ml/6o mm dish) and irradiated at 42 erg/s/mm 2 for 5 rain. Dishes were rotated once per minute during irradiation. Exposure for 5 min reduced the HCMV titre by more than 4 logs.
Inactivation of virus by
Procedure for infection. For all experiments, Flow 5ooo cells were arrested prior to infection
with virus or Mr. The volumes of virus or MF adsorbed were always the same. After ~ h of adsorption, cultures were fed Io ml of 0.2 ~ serum overlay medium. Putrescine, spermidine and spermine were added both during adsorption and in the overlay medium, while PAA (kindly provided by Abbott Laboratories) and cytosine arabinoside (ara-C, Sigma Chemicals) were added only in the overlay medium.
Neutralization of HCMV by antibody. Human convalescent and normal sera were kindly provided by Dr S. St. Jeor (The Milton S. Hershey Medical Center, Hershey, Pa). Sera were diluted I : I5 in phosphate-buffered saline (PBS) prior to use. Volumes of 0"5 ml of HCMV or MF(HCMV) [zx ~o r plaque-forming units (p.f.u.)/ml] were incubated with equal volumes of diluted convalescent or normal serum at 37 °C with gentle agitation for I h. Volumes of HCMV and MF(HCMV) [o'5 ml] were also incubated with 0. 5 ml of PBS under the same conditions to act as a control for the effects of incubation time and temperature on virus in the absence of antiserum. HCMV or MF(HCMV) pre-treated with antiserum or PBS were used experimentally in the same manner as described above for untreated virus.
Preparation of extract for ODC assay. Flow 5ooo cells were seeded in large tissue culture dishes (I5 o cmZ). Two dishes of cells were used to determine each specific activity. At the time of harvest, medium was removed, the cells were washed in PBS and the dishes were thoroughly drained to remove any residual saline. A I ml volume of disruption buffer containing 25 #tool tris-HCl (pH 7" 0, 0"05 #mol EDTA, o'oz5/zmol pyridoxal 5'-phosphate and 2"5 #tool dithiothreitol (Gazdar et al. I976 ) was added and the cultures were frozen and thawed three times. The thawed lysate was scraped from each plate with a rubber policeman, pooled and centrifuged at ~zooo g for 20 rain. Supernatant fractions, of approx. 2 ml each were stored at -7o °C until assayed. Fractions retained stable ODC activity for at least IO days but were routinely assayed 24 to 48 h after preparation.
ODC activity. Enzyme activity was determined by measuring the release of 1~CO~ from DL-I-l~C-ornithine (New England Nuclear) as described by J~inne & Williams-Ashman, I97t, with the following modifications. Incubations were carried out in serum bottles (30 ml Wheaton) equipped with rubber stoppers supporting a polypropylene centre well (Kontes Glass Co.). Each assay contained o'5 #Ci DL-I-14C-ornithine (4 mCi/mmol), o'a5 to o'5o ml of supernatant and disruption buffer in a final vol. of o-55 ml. Released 1~CO 2 was trapped in o.z ml hyamine hydroxide contained in the centre well. After 6o rain or the stated time of incubation at 37 °C in a shaking water bath, the reaction was stopped by injecting 0-5 ml of 5~-HzSQ through the rubber cap into the reaction mixture. Agitation was continued for z68 H.c. ISOM an additional 6o min to ensure complete absorption of 14CO2. The centre well was removed and placed in Io ml liquid scintillator (New England Nuclear Formula 949) for counting. Values obtained were corrected against values for boiled supernatant. One unit of enzyme activity is defined as I nmol of CO2 released per hour. Protein concentration was measured using the BioRad protein determination kit (BioRad Laboratories) with crystalline bovine gamma globulin as a standard, When a random sample of extracts was assayed by the method of Lowry et al. 0950 and the BioRad procedure, the protein concentration values obtained were not significantly different. Specific activity for each culture was determined from duplicate assays at two different protein concentrations. Tests on the variation in ODC specific activity showed that such fluctuations were not due to the enzyme assay, virus, or mock-infecting fluid stocks, but were attributable to differences in the Flow 5oo0 cells. For this reason, all controls, time points, concentrations, etc., necessary to evaluate any one study were included in a single experiment. Each experiment was then repeated two to three times and activity ratios were confirmed.
RESULTS
Potential for stimulation of ODC activity in arrested cells
Cultures of low serum-arrested confluent Flow 5ooo cells were prepared as described in Methods, harvested at 48 h after shift to low serum (0.2 ~ FCS) medium and assayed for ODC activity. The average ODC specific activity obtained was o.or2 nmol C02/mg/h. This low activity was linear with both time and protein concentration but was subject to a large error since it represented only 30 to 60 ct/min over a boiled blank of approx. 30 ct/min. Barely detectable ODC activity is common in quiescent cells in culture (Tabor & Tabor, I976).
We exposed arrested Flow 5000 cells to medium containing high concentrations of serum (to ~ FCS) in order to determine whether these cells retained the potential to synthesize ODC. The medium from cultures of confluent cells exposed to low serum for 48 h was removed and replaced with high serum medium. Cultures were harvested o, 5, 6, 9, I6, and 24 h after medium change and assayed for ODC activity. Maximum activity was 2o-fold greater than that in arrested control cultures ( Fig. ~) indicating that arrested Flow 5ooo cells can be stimulated by high serum and are capable of synthesizing ODC. Relatively high activity persisted for I6 h. The time course of ODC activity in Flow 5ooo cells after high serum stimulation differed from that found in other cell types. In both secondary hamster embryo fibroblast (HEF) cells (H. C. Isom, unpublished results) and in baby hamster kidney (BHK) cells (Hogan et al. I974) , maximum stimulation of activity occurred at 6 h but activity declined rapidly and by 8 h was less than 50 ~ of the peak value.
If confluent Flow 5ooo cells were treated with low serum for 72 h instead of 48 h prior to high serum shift, stimulation of ODC occurred but the values obtained with time after shift were not satisfactorily reproducible. I" Putrescine, spermidine, or spermine, at various stated concentrations, were pre-incubated with the extract and reaction mixture for 5 min before the addition of the substrate.
Stimulation of cell ODC activity by HCMV
1: Arrested Flow 5ooo cells were fed fresh medium containing Io % serum and harvested 5 h after high serum shift.
assayed for enzyme activity (Fig. 2) . ODC activity began to increase by I2 h p.i. and continued to rise for 2 4 h p.i. In other experiments, the increase, although gradual, continued for 3o h p.i. MF (HCMV) also stimulated ODC activity but to a much lesser extent than HCMV. From other studies (H. C. Isom, unpublished results) we know that this stimulation: (0 is partially due to serum and partially to unknown factors; and (2) is minimal when human cells are exposed to MF prepared inhuman cells. Increased ODC activity after infection with HCMV could result from the presence of a new HCMV-coded ODC, modification of cell ODC by virus genetic information, or by elevation of the amount of cell ODC. The kinetics of competitive inhibition of ODC activity by direct addition of high concentrations of polyamines to the reaction mixture were similar for extracts prepared from either HCMV-infected or uninfected cell cultures (Table I) . Extract was prepared from cultures infected with HCMV (m.o.i. = 3 p.f.u./cell) for 24 h or treated with high serum for 5 h. Uninhibited ODC activity was 0.462 and o.4oo nmol CO2/mg/h, respectively, for HCMV-infected and high serum shifted cells. Fifty percent inhibition of ODC activity was achieved at I-3 x Io -a M-spermine, I"5 x lO -3 M-spermidine and 1.8 x ro-ZM putrescine for infected-cell enzyme. Similarly, the activity of cell enzyme was reduced 50 ~ by 4"2 x iO-ZM-putrescine or spermidine. Inhibition of cell enzyme by spermine was not tested. The fact that ODC enzyme from either infected or uninfected cells was sensitive to inhibition by high concentrations of either putrescine or spermidine and demonstrated 5o ~ inhibition values of the same magnitude suggests that elevations on ODC activity after HCMV infection reflected increases in cell ODC. However, without further kinetic analysis, we cannot rule out the possibility that the slight differences in inhibition kinetics appeared because infection produced some modification of the cell enzyme.
Specificity of stimulation
To determine whether ODC stimulation by HCMV was virus-specific, we established the effect on ODC activity of: 0) inactivating HCMV with u.v. light; (2) infecting with a different herpesvirus; or (3) neutralizing HCMV with antiviral antibody from human serum.
HCMV, inactivated by irradiation with u.v. light, failed to stimulate ODC activity (Table 2) Conversely, it may be significant and result from the production of inhibitory photoproducts. When arrested Flow 5ooo cells were infected with HSV-2, ODC stimulation by HSV-2 and MF(HSV-2) were not significantly different (Table 2) . Activity was measured at 3 and 5 h p.i. with HSV-2 (m.o.i. = I-o p.f.u./cell) since HSV-2 DNA synthesis and replication occur over a much shorter time course than HCMV. At later times p.i. and at increased m.o.i., ODC activity in HSV-z-infected cells is less than that in cells exposed to MF (HSV-2). HSV-2, in contrast to HCMV, produces new enzyme activities involved in DNA synthesis and does not stimulate host cell enzymes• Putrescine was added during adsorption and then in overlay medium. § Medium containing IO % HS was added to arrested cells. Ceils were harvested 5 h after medium change.
rr Putrescine was added with to % HS medium.
If the observed stimulation of ODC activity was caused by HCMV, then exposure of the virus to antibody against HCMV should diminish or eliminate the effect. This was observed; that is human convalescent antiserum capable of neutralizing the cytopathic effect of HCMV infection in vitro also prevented HCMV from stimulating ODC activity while normal human serum was ineffective (Table 3 )-Convalescent and normal serum slightly enhanced the activity resulting from treatment with MF(HCMV) alone.
Dependence of stimulation on multiplicity
A series of arrested Flow 5000 cell cultures were infected for 30 h with 0" 3 to 9"0 p.f.u./cell to determine whether stimulation of ODC activity by HCMV was multiplicity dependent. Volumes of MF(HCMV) and HCMV ranged from o-t to 3"o ml/I5 o cm 2 dish of cells with each I.O ml of virus containing the equivalent of 3 p.f.u./cell. Enhancement of enzyme activity was maximal at 3 to 9 p.f.u./cell (Fig. 3) , while at 0"3 p.f.u./cell, stimulation was barely significant. Altering the volume of MF had no effect on ODC activity. As indicated, most experiments were carried out using an m.o.i, of 3 p.f.u./ceIl.
Effect of growth in polyamines on HCMV-induced stimulation of O DC
As mentioned above, treatment of quiescent ceils with hormones or high serum concentrations causes ODC activity to rise. If, however, micromolar concentrations of putrescine, the proximal product of the ODC reaction, or of spermidine and spermine, the more distal products in the polyamine biosynthetic pathway, are added to the growth medium, increased synthesis triggered by the growth-promoting agent is prevented. It was of interest to determine whether induction of ODC activity by HCMV infection would also be subject to regulation by polyamines. Arrested Flow 5ooo cells were infected with HCMV or MF (HCMV) in the presence and absence of putrescine and harvested at 24 h p.i. For these IP: 54.70.40.11
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studies, FCS in all media was replaced with HS to prevent polyamine oxidation by the oxidase activity in calf serum (Bachrach, 1975) . Stated concentrations of putrescine were added both during adsorption of the virus and to the medium used to overlay infected cultures. Neither Io ~-nor ~o-6~-putrescine inhibited HCMV-induced stimulation (Table 4 )-In fact, stimulation was 3o ~ greater in the presence of both virus and putrescine than with virus alone. In contrast, growth in putrescine inhibited ODC activity by 59 ~ in cultures infected with MF (HCMV) and by as much as 92 ~ in cultures fed high serum-containing medium.
Further experiments were carried out to confirm that infection with HCMV overrode the ability of putrescine to inhibit ODC activity. Stimulation of ODC activity by treatment with hormones, growth factors, fresh medium, or serum was usually short-lived (3 to 8 h) and therefore experiments on the ability of putrescine to inhibit such stimulation were carried out for considerably less than z 4 h. In order to show that putrescine, even when present in the growth medium for short periods of time, did not prevent HCMV-induced stimulation of ODC activity, the following experiment was carried out. Arrested Flow 5ooo cells were infected with HCMV or MF (HCMV) for I6 h, at which time, both duplicate HCMV and MF(HCMV)-infected cultures were harvested and assayed for ODC. Half of the remaining cultures were supplemented with putrescine (lO-48) while half served as controls and were supplemented with an equivalent volume of PBS instead of putrescine. Duplicate cultures were harvested 3 and 5 h after the addition of putrescine at 19 and 2t h p.i. Putrescine 0o-~M) had no effect on HCMV-induced stimulation of ODC at either time.
It has been proposed that putrescine represses ODC activity in LI2IO, neuroblastoma, and H-35 hepatoma cells by promoting the accumulation of an ODC 'antizyme' protein which inactivates the enzyme protein (Fong et al. I976; Heller et al. I976) . Heller et at. 0977) have recently shown that this antizyme exists in a particle-bound form as a normal component of H-35 cells. In contrast, Clark & Fuller (I976) were unable to detect antizyme in Swiss mouse 3T 3 cells even though growth in putrescine reduces ODC in these cells. Work in our laboratory is continuing to determine whether ODC antizyme is present in human cells and to study the ability of the antizyme mechanism to function in cells infected with HCMV.
Effect of ara-C and PAA on stimulation
Although parallel increases in ODC activity and DNA synthesis have been observed under numerous proliferative conditions, a causal relationship between the two has not been established. As we have shown, HCMV acted as a proliferative agent stimulating synthesis of the host cell ODC enzyme. As the productive infection proceeded, cell DNA synthesis was enhanced and virus DNA was produced. The availability of drugs that specifically act on DNA metabolism enabled us to determine whether interference with cell and/or virus DNA production altered the stimulation of ODC activity produced by HCMV infection. Ara-C (I o/tg/ml) directly inhibits polymerization of both cell and HCMV DNA while PAA (Ioo #g/ml) specifically inhibits synthesis of herpesvirus DNA. Stimulation of ODC activity in arrested Flow 5ooo cells by HCMV was inhibited 74 ~ when PAA 0o #g/ml) was added during infection, suggesting that virus-induced DNA polymerase activity and therefore subsequent HCMV DNA synthesis were required for stimulation of ODC activity. Since stimulation was inhibited 87 ~ with ara-C (Io/zg/ml) we cannot eliminate the possibility that cell DNA synthesis is also required. Because ara-C inhibits synthesis of virus as well as cell DNA, further conclusions about a cell DNA synthesis requirement cannot be drawn from these experiments. In order to establish whether either drug non-specifically interferes with ODC synthesis or inactivates ODC protein, arrested Flow 5ooo cells were shifted to high serum medium with or without drug. Neither ara-C nor PAA inhibited high serum-induced stimulation of ODC activity. In fact, the presence of PAA caused a marked potentiation of high serum induced stimulation in two independent experiments.
Reversibility of PAA inhibition
When cultures that had been HCMV-infected or MF(HCMV)-infected for 16 h in the presence of PAA (Ioo #g/ml) were washed and then fed fresh o.2 ~ FCS medium without PAA, a stimulation of ODC activity in HCMV-infected cultures was apparent 8 h after removal of PAA (Fig. 4) . Stimulation after removal of PAA occurred sooner than that observed in cells infected initially in the absence of PAA. No stimulatory effect was found after reversal of PAA treatment of mock-infected cells. When cultures were infected for 24 h instead of I6 h in the presence of PAA, peak activity still occurred 8 h after reversal, but stimulation was not so great and did not persist for so long.
DISCUSSION
The replication cycle of HCMV emphasizes virus dependence on host cell macromolecular synthesis. Although HCMV is similar to HSV in some biological and structural properties, the HCMV genome differs considerably from the HSV genome in its failure to code for a variety of novel virus-specific enzymes associated with DNA metabolism. That is, while HSV infection is accompanied by the induction of HSV-specific thymidine kinase (Kit et al. I967 ) , deoxycytosine kinase (Jamieson et al. I974) , ribonucleotide reductase (Ponce de Leon et al. I977), DNase (Morrison & Keir, 1967) and DNA polymerase (Keir et al. I966) , only a virus-specific DNA polymerase has been found after HCMV infection. Since HCMV does not stress synthesis of virus-specifie proteins, it replicates by stimulation, in general, of host cell macromolecular synthesis and by stimulation of specific host enzymes. HCMV has a long eclipse period of 55 to 72 h during which the virus causes an increase in protein, RNA and DNA synthesis as well as enhancing cell DNA polymerase levels and stimulating both cell TK enzymes to high, sustained levels. In this paper, we have shown that infection with HCMV also stimulates ODC activity. Dependence of the effect on m.o.i, and elimination of the effect by treatment with convalescent HCMV antiserum indicate that ODC stimulation is caused by the virus.
Temporal studies show that stimulation of host cell enzymes occurs just before increased cell DNA synthesis but precedes virus DNA synthesis by a significant number of hours. More specifically, cell TK stimulation is seen by Ia h and continues for 7 a h p.i. (Estes & Huang, ~977) , and induction of both nuclear and cytoplasmic cell DNA polymerase activities occurs at zo h and reaches a maximum by 3o h p.i. (Hirai et al. I976) . As shown in this report, stimulation of ODC activity was also apparent as early as Iz h p.i. but continued to rise until 30 h p.i. Primary stimulation of cell DNA synthesis is also detectable during the first 24 h p.i. and, as shown in a recent study, is maximal at 32 to 36 h p.i. (St. Jeor & Hutt, 977) . In contrast, peak virus DNA synthesisis not measurable until 48 h p.i. (Hirai et al. I976) .
The times at which elevations in cell TK, DNA polymerase and ODC occur suggest that stimulation of cell enzymes does not require virus DNA replication and is therefore mediated by an early HCMV gene. Studies with the cell and virus DNA synthesis inhibitor, ara-C, have demonstrated that this is the case for cell DNA polymerase activities (Hirai et al. I976) . That is, stimulation of cell DNA polymerase is not prevented when infection is carried out in the presence of ara-C (IOO #g/ml). However, we have found the contrary for ODC activity. If infection occurred in the presence of either ara-C or the virus DNA synthesis inhibitor, PAA, HCMV-induced stimulation of ODC activity was markedly reduced. The results of the phosphonoacetic acid experiments present a paradox. Stimulation of ODC by the virus temporally precedes virus DNA synthesis suggesting that the virus function responsible for stimulation is an early function. However, inhibition of virus DNA synthesis by drugs prevents the stimulation and suggests the opposite, that stimulation is caused by a late virus function. One possible solution is to propose a relationship between the virus-specific DNA polymerase and the cell ODC. The virus polymerase may have both a catalytic and regulatory function. If one of the activities of the virus polymerase is to stimulate cell ODC and if this function is prevented by PAA, then we can conclude that stimulation is an early event and that the results are not paradoxical.
Previous studies have shown that treatment with PAA during infection does not prevent stimulation of cell DNA synthesis (Hirai & Watanabe, I976) . The different results obtained with PAA can be used to establish the relationship between the various stimulatory activities of the virus and have led to the conclusion that virus-mediated stimulation of ODC activity and cell DNA synthesis are independent. This hypothesis is also supported by data obtained for sensitivity to u.v.-irradiation. Hirai et al. (I977) , in showing that u.v.-irradiation of HCMV results in differential inactivation of virus capacities, have found that the induction of HCMV-specific DNA polymerase is considerably more u.v.-sensitive than HCMVmediated stimulation of cell DNA synthesis. Our results showed that HCMV-induced stimulation of ODC activity can be prevented by a low dose of u.v.-irradiation and therefore should be categorized on that basis with HCMV-specific DNA polymerase and not with cell DNA synthesis. The relatedness in u.v. sensitivity of HCMV-specific DNA polymerase and stimulation of ODC activity is also in agreement with the hypothesis that the polymerase may regulate ODC activity.
Previous work has established that HCMV infection in the presence of PAA (IOO/,g/ml) has no effect on HCMV-mediated stimulation of total host protein synthesis (Stinski, 1977) while we have shown that PAA treatment prevented stimulation of ODC. These data taken together argue indirectly that HCMV-induced stimulation of cell ODC activity is specific in nature and that we are not simply measuring an effect on total protein where ODC is a marker.
Stimulation of ODC activity by HCMV is not found after infection with HSV and as such is an additional parameter indicating the markedly different lytic replication cycles of the two viruses. Gibson & Roizman (I973) have shown that under conditions of lytic infection with HSV-I, conversion of ornithine to putrescine is blocked indicating inhibition of ODC activity. In subsequent studies, McCormick & Newton (I975) showed that within 4 to 5 h p.i. with HSV-I, synthesis of spermidine and spermine from putrescine is inhibited and the rate of putrescine uptake is stimulated. Under no conditions of infection with HSV-2 that we tested was stimulation of ODC measurable. In fact, ODC activity in arrested rat liver epithelial (WIRL-3C) cells, HEF cells, or mouse (N C1 A) cells was markedly reduced as early as 4 h p.i. with either u.v.-irradiated or non-irradiated HSV-2 (H. C. Isom, unpublished results). In both growing WIRL-3C (data not shown) and arrested Flow 5oo0 cells (Table 2) , HSV-2 infection did not inhibit or stimulate ODC activity.
Stimulation of ODC activity usually accompanies proliferation and is seen after exposure of cells in culture to nutrients, hormones, and dibutyryl cyclic AMP (Hogan et al. 1974 )-In the presence of these inducing compounds a dramatic, but short-lived, rise in ODC activity was seen 4 to 8 h after treatment and this stimulation was prevented by growth in low concentrations of polyamines. However, this was not the case when stimulation of ODC was triggered by treatment with the glucocorticoid dexamethasone (Theoharides & Canellakis, 1975) . Induction of ODC in HTC cells by dexamethasone reached a sixfold increase in activity by 12 h after treatment and remained at this level for more than 2o h. Addition of either spermidine or spermine to the growth medium had no effect on the enhancement. Similarly, when ODC activity was stimulated by infection with HCMV, high levels of ODC persisted for at least 30 h p.i. and the stimulation was not sensitive to inhibition by growth in putrescine. Persistent stimulation of ODC activity has also been reported after infection with polyoma (Goldstein et al. 1976 ) or murine sarcoma virus (Gazdar et al. 1976 ) but in neither case was the effect of polyamines on induction tested.
The ability of PAA to inhibit ODC stimulation without preventing stimulation of cell DNA synthesis is further support for the theory that stimulation of polyamine and cell DNA synthesis are independently regulated. We cannot conclude from these studies, however, that stimulation of polyamine and virus DNA synthesis are independently regulated.
HCMV infection is the most common virus cause of mental retardation (Marx, 1975) and can cause fatal complications in cancer patients, especially leukaemic children and patients receiving immunosuppressive therapy (Wright, I973). Since HCMV, unlike HSV, does not have a virus-specific TK, thymidine analogues are not effective as chemotherapeutic agents for HCMV infection. Therefore, development of drugs to treat HCMV has focused on agents that affect the HCMV-induced DNA polymerase, and to date, the most promising drug is PAA. Infection with HCMV in vitro interferes with normal cell metabolism by stimulating a variety of host cell enzymes including ODC. We have shown that although PAA treatment prevents HCMV-induced stimulation of ODC activity, release from PAA treatment results in a dramatic stimulation of ODC that occurs sooner than in infection in the absence of drug. The effect of PAA on virus-induced abnormal host cell metabolism must be analysed further when considering PAA as an antiviral drug.
